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Abstract: We developed a coherent frequency-domain THz spectroscopic technique on 
a coplanar waveguide in the ultrabroad frequency range from 200 MHz to 1.6 THz based 
on continuous wave (CW) laser spectroscopy. Optical beating created by mixing two 
frequency-tunable CW lasers is focused on photoconductive switches to generate and 
detect high-frequency current in a THz circuit. In contrast to time-domain spectroscopy, 
our frequency-domain spectroscopy enables unprecedented frequency resolution of 10 
MHz without using complex building blocks of femtosecond laser optics. Furthermore, 
due to the coherent nature of the photomixing technique, we are able to identify the origin 
of multiple reflections in the time domain using the Hilbert analysis and inverse Fourier 
transform. These results demonstrate that the advantages of on-chip coherent frequency-
domain spectroscopy, such as its broadband, frequency resolution, usability, and time-
domain accessibility, provide a unique capability for measuring ultrafast electron 
transport in integrated THz circuits.
 High-frequency electrical transport measurement in the gigahertz (GHz) frequency 
range using radio-frequency (RF) circuits is a crucial technology for investigating and 
controlling electron dynamics in various systems [1]. Both time-domain spectroscopy 
(TDS) [2–8] and frequency-domain spectroscopy (FDS) [4,9–13] have been used as 
complementary techniques. For example, they have been used to unveil nontrivial 
dynamics of collective and single-particle excitations in two-dimensional (2D) electron 
systems and one-dimensional edge channels in the quantum Hall regime. However, 
applying these RF measurements to study emergent phenomena in quantum 
nanocircuits [14,15] and materials such as topological insulators [16] and exfoliated 2D 
crystals [17] remains a challenge. This is because the coherent length or sample size in 
these systems is on the order of 10 µm; for the typical charge velocity of ~106 m/s and 
bandwidth of ~10 GHz (corresponding time resolution of ~100 ps), a distance of at least 
~100 µm is necessary to resolve charge transport. Hence, increasing the measurement 
bandwidth to the terahertz (THz) range is highly desirable for probing novel transport 
phenomena in such circuits and materials, such as, ultrafast quantum interference [14,15], 
charge transport in helical edge channels [18,19], and dynamical signatures of Majorana 
zero modes [20].  
 On-chip THz spectroscopy can overcome the issues of frequency and sample size. On-
chip generation and detection of sub-picosecond electrical pulses in the time domain have 
been achieved using a THz circuit and femtosecond laser technologies [21–27]. Recently, 
on-chip THz-TDS has been applied to investigate ultrafast electron transport in 
graphene [28–30] and semiconductor 2D electron gas [31] by integrating them on the 
THz circuit. Though an extremely powerful technique, THz-TDS has some limitations: 
its frequency resolution is typically tens of GHz limited by the tunable optical path length 
of the delay stage, and thus accessing the GHz range with THz-TDS is challenging. In 
addition, its complicated and costly optical setup based on ultrafast femtosecond laser 
systems requires high expertise, thus limiting its use to specialized groups. On the other 
hand, FDS has advantages in terms of bandwidth, frequency resolution, and usability. 
Phase-sensitive (or coherent) FDS with time-domain accessibility will accelerate the 
ongoing progress of ultrafast transport studies if implemented on-chip. However, unlike 
in RF measurements, coherent detection of electrical current by frequency-domain 
measurements is difficult in optics, which has left the possibility of on-chip THz-FDS 
largely unexplored. 
 Here, we demonstrate on-chip coherent THz-FDS by applying photomixing 
techniques [32,33] and optimizing the THz circuit. We achieve an ultrabroad frequency 
range from 200 MHz to 1.6 THz and an unprecedented frequency resolution of 10 MHz. 
The coherent nature of the photomixing technique allows us to extract time-domain 
dynamics from the frequency-domain signal using the Hilbert analysis and inverse 
Fourier transform [33]. These advantages, together with the cost-effective and 
straightforward optical setup of our on-chip THz-FDS, will make ultrafast electron 
transport phenomena more accessible in various circuits and materials.  
 Figure 1(a) shows a schematic of our THz circuit. The circuit consists of a coplanar 
waveguide (CPW) and two PC switches (PC1 and PC2) attached to it. Two types of THz 
circuits with/without a DC block were examined. These circuits were fabricated on a low-
temperature-grown GaAs substrate (BATOP GmbH) by optical lithography and 
evaporation of Ti/Au (10 nm/180 nm). The 400-µm-long CPW transmission region 
consists of a 30-µm-wide center conductor and two ground planes separated from the 
center conductor by 20 µm. As shown in Fig.1(b), frequency-tunable optical beating is 
generated by mixing two distributed-feedback diode lasers (TOPTICA Photonics, 
TeraScan 780), which is then divided into pump and probe beams with the same average 
power of ~20 mW. The two orthogonally polarized beams are combined using a 
polarization beam splitter, aligned with a slight displacement to focus them onto PC1 and 
PC2 with an objective lens. PC1 is biased with a DC voltage and excited by the pump 
beam to generate a THz wave, which propagates through the CPW and is detected as a 
THz current flowing through PC2 excited by the probe beam. An optical chopper 
modulates the pump beam at a few hundred hertz for lock-in detection of the THz current. 
The detected THz current ITHz is determined by the interference between the incoming 
THz signal and optical beating at PC2. As a result, ITHz is given by 
ITHz ∝ ETHzcos(Δφ) = ETHzcos(2πΔLfTHz/c),    (1) 
where ETHz is the THz amplitude, Δφ is the phase difference between the THz signal and 
the optical beating, fTHz is the THz frequency, c is the speed of light, and ΔL is the optical 
path difference. ΔL is represented by ΔL = Lpump – Lprobe + Lsample, where Lpump and Lprobe 
are the optical path lengths of the pump and probe beams, respectively, and Lsample is the 
propagation distance of the THz current. By scanning fTHz, we can obtain the phase 
Δφ(fTHz) as well as amplitude ETHz(fTHz) spectra of the THz current.  
 Figure 2 shows the measured ITHz as a function of fTHz for the THz circuit without a DC 
block. We chose the bias voltage for PC1 in such a way that the signal-to-noise ratio was 
maximized for each THz circuit. ITHz shows oscillation as expected from Eq. (1). The 
decreasing trend in the oscillation amplitude with increasing fTHz is due to the finite 
relaxation time (~400 fs [34]) of photoexcited carriers in the PC switches. The finite offset 
(~2 nA) comes from the leak current of the PC switches. The close-up of the low-
frequency regime (0–2 GHz) shows that clear oscillations persist down to 200 MHz, 
demonstrating the capability of THz-FDS to access the sub-GHz regime. The frequency 
resolution of the amplitude spectrum obtained by the Hilbert analysis [33] (black solid 
curve) reaches 10 MHz, which in the present case is limited by the frequency scan step 
throughout the whole spectrum. This unprecedented frequency resolution comes from the 
narrow linewidth inherent to CW lasers. Note that the offset part of the signal fluctuates 
and therefore degrades the signal-to-noise ratio, limiting the bandwidth of the THz circuit. 
We consider that the fluctuation is associated with the stability of the PC switches, which 
is affected by the CW laser heating and carrier accumulations [35].  
 To improve the signal-to-noise ratio and achieve higher bandwidth, we put a DC 
block [36] in the center conductor [Fig. 1(a)]. The DC block is a 3-µm gap, which cuts 
the signal below 1 GHz. As shown in the inset of Fig. 3, the DC block reduces the 
unwanted offset to ~0.4 nA. Figure 3 compares the amplitude spectra of THz circuits 
with/without the DC block. The signal-to-noise ratio is improved by a factor of ~5, and 
the measurement bandwidth is improved from 0.6 THz (without the DC block) up to 1.6 
THz (with the DC block). These results indicate that our method enables ultrabroadband 
spectroscopy ranging from RF (sub-GHz) to optical technology (THz) domains with 
unprecedented frequency resolution, which is not available in either RF technology or on-
chip THz-TDS. Note that the dips in the amplitude spectrum at around 0.8 and 1.0 THz 
are due to the interference between even and odd modes [37] and are outside the focus of 
this study. 
 To use FDS to study electron transport in various samples and elucidate the ultrafast 
dynamics therein, it is crucial to access the time-domain signal. Our phase-sensitive 
measurements allow the time-domain signal to be extracted without any of the uncertainty 
that inevitably arises from K-K transformation in conventional incoherent THz-FDS. 
Figure 4(a) shows the time-domain signal obtained by the Hilbert analysis and inverse 
Fourier transform [33]. As shown in the inset, the length of the whole time-domain signal 
is 100 ns, which corresponds to the inverse of the frequency scan step of 10 MHz. The 
signal associated with the THz circuit appears between 5.260 and 6.512 ns, which we plot 
in a magnified view in Fig. 4 as a function of the time difference Dt from the first peak. 
The inverse Fourier transform of the time-domain signal for the window -0.089	≤ Dt ≤	1.163 ns [red trace in Fig. 4(b)] shows less noise than the original amplitude spectrum 
(gray trace). This indicates that we can remove unwanted interferences from optical 
components, such as the lenses, connectors, and beam splitter, by selecting the signal in 
the time domain. 
 Further careful analysis of the time-domain signal enables us to identify the origin of 
the Fabry-Pérot (FP) effect, which appears as minor oscillations superimposed on the 
amplitude spectrum. When the window for the inverse Fourier transform is further 
narrowed to -0.089 ≤ Dt ≤ 0.054 ns, the FP effect disappears [black trace in Fig. 4(b)]. 
Therefore, the negative peak after Dt = 0.054 ns (highlighted by the blue circle) can be 
identified as the first reflection that causes the FP effect. By considering the propagation 
time Dt = 60 ps and the propagation velocity 1.2 × 108 m/s [38] of the THz current, the 
associated propagation length is determined to be 7.2 mm. This long propagation length 
suggests back reflection from the contact pad located at the end of the coplanar waveguide 
7.1 mm away. We note that the detailed analysis of the time-domain signal presented here 
is a powerful technique to investigate the dynamics of ultrafast electron transport of any 
material — it is not limited to the FP effect in the THz circuit. 
 In summary, we reported an on-chip coherent frequency-domain THz spectroscopic 
technique in the ultrabroad frequency range from 200 MHz to 1.6 THz. Its high frequency 
resolution of 10 MHz and capability to access the time-domain signal is highly applicable 
to investigate ultrafast transport phenomena in quantum circuits and materials by 
integrating them on the THz circuit. The accessibility of the sub-GHz and THz regime 
enables a comprehensive study of slow and ultrafast dynamics with high reproducibility 
using a single experimental setup. We believe that the ongoing progress of ultrafast 
transport studies, which currently require high expertise in ultrafast femtosecond optics, 
will be significantly accelerated by the cost-effective and straightforward optical setup of 
our technique. 
  
 FIG. 1. (a) Illustration of the on-chip THz circuit. The circuit consists of photoconductive 
switches (PC1 and PC2), a coplanar waveguide, and a DC block. Two types of THz circuit 
with/without the DC block were investigated. Beating laser beams are focused on the PC 
switches to generate and detect the THz current in a coherent manner. All conductors 
except PC switches are connected to the ground. (b) Schematic of the experimental setup. 
DFB Laser, distributed-feedback diode laser; PBS, polarization beam splitter. The 
frequency of THz current fTHz is controlled by the frequency of the optical beating created 
by mixing DFB laser 1 and 2.  
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FIG. 2. THz current as a function of frequency measured in the THz circuit without the 
DC block. Applied DC voltage is Vbias = 20 V. The insets show close-ups of the low- and 
high-frequency ranges after subtracting the offset. The gray shaded area (0–200 MHz) 
represents the regime where the oscillatory signal exhibits slight distortion. The 
envelope, which represents the amplitude spectrum, was obtained using the Hilbert 
analysis.  
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FIG. 3. Amplitude spectra of the THz circuits with/without the DC block. Applied DC 
voltage Vbias is 20 and 30 V for the circuits without and with the DC block, respectively. 
The inset shows measured THz current. 
  
60
50
40
30
20
10
0
-10
D
yn
am
ic
 ra
ng
e 
(d
B
)
200015001000500
Frequency (GHz)
-4
-2
0
2
4
C
ur
re
nt
 (n
A
)
1000800600400200
Frequency (GHz)
 without DC block
 with DC block
 FIG. 4. (a) Time-domain signal obtained using the Hilbert analysis and inverse Fourier 
transform. The first peak marked by the black square shows the beginning of the THz 
signal, while the blue circle marks the beginning of signals due to the reflections that 
cause the Fabry-Pérot effect. The inset shows the whole time-domain signal. (b) Fourier-
transformed spectra of (a) for different time windows. The inset shows a close-up from 
0.1 to 0.4 THz.    
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